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plement and immunoglobulins prior to being bound and
ingested by complement receptors and Fc receptors,
respectively (Greenberg and Grinstein, 2002; Underhill
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Seattle, Washington 98103 and Ozinsky, 2002). The repetitive ligands crosslink the
receptors that then initiate the cytoskeletal rearrange-
ments and membrane trafficking that are the corner-
stones of phagocytosis. Once the microbe is ingested,Macrophage phagocytosis, the engulfment of large
particles, is important for host defense against infec- the phagosome matures to become a phagolysosome,
and the pathogen is killed by an arsenal of weapons.tion and for the removal of dead cells. These phago-
cytes can internalize particles larger than themselves, The dead microbes are digested, mainly by the action
of hydrolases, and microbial peptides reach the majorobtaining membrane from internal pools including re-
cycling endosomes. Desjardins and coworkers report histocompatibility complex (MHC) class II molecules via
a circuitous route. The MHC class II/peptide complexin this issue of Cell (Gagnon et al., 2002) that the endo-
plasmic reticulum is a major reservoir of membrane traffics to the cell surface where it binds to its cognate
T cell receptor (Mellman and Steinman, 2001; Underhill andfor phagocytosis, an observation that may shed light
on a number of conundrums in immunology. Ozinsky, 2002). Antigen presentation results in specific T
cell activation and is the interface between the innate
and adaptive immune systems. Concomitantly, the anti-Cells have evolved a variety of strategies to internalize
gen-presenting cell will secrete inflammatory mediators,particles and solutes, including pinocytosis, receptor-
including cytokines that further instruct the adaptivemediated endocytosis, and phagocytosis (Greenberg
immune response. Some bacteria, including M. tubercu-and Grinstein, 2002; Underhill and Ozinsky, 2002). Pino-
losis, can sabotage phagosome maturation and estab-cytosis refers to the uptake of fluids and solutes and is
lish themselves within a vacuolar niche hidden from theclosely related to receptor-mediated endocytosis, the
immune system (Hackstadt, 2000).specific uptake process through which macromolecules,
Phagocytosis of Apoptotic Cellsviruses, and small particles enter cells. Pinocytosis and
Macrophage phagocytosis also has an important rolereceptor-mediated endocytosis share a clathrin-based
in the removal of the huge number of senescent cellsmechanism and usually occur independently of actin
that turn over each day, and in sculpting the embryopolymerization. By contrast, phagocytosis, the uptake of
during development by, for example, clearing cells fromlarge particles into cells, occurs by an actin-dependent
the interdigital webs (Henson et al., 2001). Apoptosis,mechanism and is usually independent of clathrin. While
or programmed cell death, is a process crucial in theprimitive organisms use phagocytosis primarily for the
development and homeostasis of all multicellular organ-acquisition of nutrients, phagocytosis in metazoa occurs
isms. Since phagocytosis of apoptotic cells is a normal,principally in specialized phagocytic cells such as mac-
ongoing process, it has to occur without generatingrophages, dendritic cells, and neutrophils and is re-
inflammation, as happens during the phagocytosis ofquired for a wide variety of specialized biological events
pathogens. In fact, the uptake of apoptotic cells by mac-(Greenberg and Grinstein, 2002; Underhill and Ozinsky,
rophages is often antiinflammatory (Henson et al., 2001).2002). It is the first step in a complex cascade of events
Phagocytic receptors recognize ligands on apoptoticthat initiates host defense and inflammation, it is re-
cells that are not found on healthy cells; ligands includequired for the removal of senescent cells, and it is
phosphatidylderine, changed glycosylation of cell sur-needed for embryonic development and tissue remodel-
face proteins, and surface charge. Receptors that medi-ing (Aderem and Underhill, 1999).
ate the uptake of apoptotic cells include scavenger re-Initiation of Innate Immunity
ceptors, integrins, lectins, and importantly for thisMacrophages have a number of essential roles in host
discussion, a calreticulin/GP91 complex usually foundimmune defense (Figure 1; Janeway and Medzhitov,
in the ER (Henson et al., 2001).2002). They are found in all tissues of the body, serving
General Mechanisms of Phagocytosisas sentinels in wait of pathogens. The microbial aggres-
The mechanisms underlying phagocytosis are exceed-sors are detected by the macrophages that bind them
ingly complex, there are substantial differences in cellu-via phagocytic receptors. These germline receptors
have evolved to recognize conserved motifs on patho- lar responses for almost every phagocytic receptor
gens that are not found on higher eukaryotes; these used, and complex interactions between receptors can
structures have essential roles in the biology of the in- be expected since a cocktail of ligands usually coat any
vader, and are therefore not subject to high mutation given particle (Greenberg and Grinstein, 2002; Underhill
rates. The surface motifs include carbohydrates, glyco- and Ozinsky, 2002). However, some general principles
lipids, proteolipids, glycoproteins, and proteins; for ex- can be discerned. First, phagocytic receptors recognize
ample, the mannose receptor binds mannosyl/fucosyl ligands on the particles. Second, these receptors trigger
residues and dectin binds -glucans. Pathogens are intracellular signals that direct polymerization and re-
also opsonized by humoral components including com- arrangement of filamentous actin and coordinate the
tractional forces that internalize particles. Third, mem-
brane trafficking is required to compensate for mem-1Correspondence: aderem@systemsbiology.org
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Figure 1. The Role of Phagocytosis in Innate
Immune Defense
When macrophages encounter pathogens,
they bind and internalize them via phagocytic
receptors. Internalization of large particles re-
quires the recruitment of intracellular pools
of membrane to compensate for membrane
lost from the plasma membrane and to mod-
ify the membrane and content of the phago-
some. Recycling endosomes provides some
of this membrane. It is now shown that pha-
gosomal membrane is also derived from the
ER and that this has significant biological
consequences. The phagosome then ma-
tures and becomes a phagolysosome where
the pathogen is killed and where hydrolases
generate pathogen-derived peptides that are
presented to T cells via MHC class II mole-
cules. Antigen presentation represents the in-
tersection of the innate and adaptive immune
systems. Phagocytosis also triggers the re-
lease of inflammatory mediators, some of
which further instruct the adaptive immune
response.
brane lost from the cell surface and to modify the mem- and Cohn more than forty years ago demonstrated that
in neutrophils, azurophilic granules are recruited to thebrane and vacuolar content of the maturing phagosome.
Dozens of signaling molecules including kinases, nascent phagosome where they fuse explosively with
the forming vacuole (Steinman and Moberg, 1994). Theadaptor molecules, lipid-modifying enzymes, and motor
proteins participate in phagocytosis, and recent reviews remarkable movies that documented these phenomena
demonstrate a great many principles that hold true to-discuss the roles of these proteins (Aderem and Un-
derhill, 1999; Greenberg and Grinstein, 2002; Underhill day. They show that after recruitment of the granules
to the forming phagosome, a set of conditions have toand Ozinsky, 2002). The application of global ap-
proaches and high throughput technology has gener- be established that permit synchronous fusion of the
granules with the vacuole. These data were interpretedated a vast parts list of proteins that may participate in
the process. In one study using mass spectrometry, to show that the phagosomal membranes were some-
how modified to permit membrane fusion, and therebymore than 250 phagosome-associated proteins were
identified (Garin et al., 2001); in another, approximately anticipated the discovery of the plethora of fusogenic
proteins and lipids that we now know to exist. More150 monoclonal antibodies were generated to phagoso-
mal proteins (Morrissette et al., 1999). In order to inte- recently, Grinstein and colleagues, in elegant studies,
have shown that vesicles, most probably recycling en-grate this complexity into working models, new ap-
proaches and technologies will have to be developed. dosomes, are delivered focally to membrane near the
forming phagosome, and that they fuse with the phago-One approach that has been successful in analyzing
biological complexity has been the definition of constric- somal membrane prior to sealing of the vacuole
(Greenberg and Grinstein, 2002). This focal delivery oftion points within signaling pathways, and a number of
these have been defined for phagocytosis, including vesicles to the nascent vacuolar membrane suggests a
specific role for this phenomenon in phagocytosis, inprotein kinases such as Syk, lipid kinases such as phos-
phatidylinositol 3-kinases (PI3Ks), phospholipases such addition to compensating the cell for membrane lost
from the cell surface (Botelho et al., 2000). Vesicle fusionas phospholipase C, and GTPases such as Rac (Green-
berg and Grinstein, 2002; Underhill and Ozinsky, 2002). appears, in part, to be regulated by PI3K and inositol
phospholipids. Engagement of phagocytic receptors ini-Waves of lipid remodeling take place, and inositol lipids,
in particular, play multiple roles in modifying the cy- tiates a cascade of events that result in focal, rapid
accumulation of phosphatidylinositol-4,5-bisphosphatetoskeleton (Greenberg and Grinstein, 2002; Stephens et
al., 2002). The pathways leading to phagocytosis are [PI(4,5)P2], and this is accompanied by the recruitment
of type I PI3K and the local production of phosphatidyl-complex, controversial, and have been discussed in de-
tail elsewhere (Greenberg and Grinstein, 2002; Underhill inositol-3,4,5-trisphosphate [PI(3,4,5)P3] (Vieira et al.,
2001). As PI(3,4,5)P3 is produced, PI(4,5)P2 disappearsand Ozinsky, 2002).
Membrane Dynamics during Phagocytosis from the phagocytic cup because of the dual action of
PI3K and phospholipase C (PLC). PLC generatesIt has widely been held that the phagosomal membrane
is derived both by invagination of the plasma membrane diacylglycerol and inositol-1,4,5-trisphosphate (IP3),
second messengers that activate members of the pro-and by stimulus-dependent exocytosis near the site of
vacuole formation. Indeed, the seminal studies of Hirsch tein kinase C family. PI(3,4,5)P3 persists transiently in
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the vacuolar membrane even after the phagosome has with rough ER (Horwitz, 1983). Similar observations have
sealed; this appears to establish the necessary precon- also been made for Toxoplasma gondii and Brucella
ditions for the recruitment and fusion of the recycling abortus (Hackstadt, 2000). It is not known how these
endosomes with the nascent and early phagosome and microbes are advantaged in this curious vacuole, al-
are required for the extension of membrane around the though it has been speculated that the ribosomes would
particle (Greenberg and Grinstein, 2002; Stephens et al., facilitate the import of proteins into the phagosome that
2002). Many other proteins, mostly identified for their might be necessary for the survival of the pathogen.
role in membrane traffic, are also required for the fusion This hypothesis is somewhat unsatisfying and the new
of vesicles with the forming phagosome. These include information regarding the role of the ER in phagocytosis
SNAREs, proteins known to promote vectorial docking may shed further light on the pathogenesis of these
and fusion of membranes; NSF, an ATPase that activates microbes. In neutrophils, where pathogens are rapidly
the fusogenic activity of SNAREs; VAMP3, a snare asso- killed, the ER is not used as a source of membrane for
ciated with recycling endosomes; Rab 11, a GTPase phagocytosis. It is therefore of interest that Legionella
that promotes the trafficking of recycling endosomes to is rapidly killed in neutrophil phagosomes that are not
the plasma membrane; and amphiphysin IIm and dy- associated with the ER, while they survive in macro-
namin2, two interacting proteins involved in regulating phages in ER-associated vacuoles. The recruitment of
endocytosis (Aderem and Underhill, 1999; Greenberg intracellular organelles to facilitate entry of pathogens
and Grinstein, 2002; Underhill and Ozinsky, 2002). Thus, has been described before. Andrews and coworkers
fusion of recycling endosomes with the nascent phago- have shown that the recruitment and fusion of lyso-
some adds membrane and trafficking machinery that somes with the PM is required for the internalization
permit membrane extension around the particle re- of Trypanosoma cruzi (Tardieux et al., 1992). However,
sulting in its internalization; that is, vesicular fusion lysosomes are unlikely to be part of a general process of
allows you to eat something that is larger than your membrane recruitment during phagocytosis since early
head. phagosomes are initially devoid of lysosomal markers.
A Role for the Endoplasmic Reticulum A Number of Questions Answered?
However, this is not the whole story. In this issue of ER recruitment to phagosomes may provide insights
Cell, Gagnon et al. present compelling evidence that, into a number of important conundrums; these include
in macrophages, part of the phagosomal membrane is unexplained phenomena in the uptake of apoptotic cells
derived from the endoplasmic reticulum (Gagnon et al., and in MHC class I antigen presentation.
2002). During the formation and elongation of pseudo- It is well established that the ER protein, calreticulin,
podia around the particle, the ER is recruited to the in concert with CD91, the -2-macroglobulin receptor,
surface, where it fuses with the PM and opens at the are required for phagocytosis of apoptotic cells. Apo-
site of particle contact. This leads to the formation of ptotic cells are recognized by collectins including C1q
phagosomes made largely of ER and vesicle membrane, and mannose binding lectin (Henson et al., 2001; Ogden
a process that minimizes the use of the limiting plasma et al., 2001). These proteins opsonize apoptotic cells
membrane. PI3K is required for the recruitment and fu- and then bind to calreticulin. Although calreticulin serves
sion of recycling endosomes with the nascent phago- a number of critical functions within the endoplasmic
cytic cup (Greenberg and Grinstein, 2002; Stephens et reticulum, it has also been shown to be expressed on
al., 2002). The cascade of inositol lipid turnover stimu- the surface of many cell types. However, the means of
lated during phagocytosis occurs at the plasma mem- access of calreticulin to the cell surface and the manner
brane, and the resulting diacylglycerol is converted into of its retention there is not clear (Johnson et al., 2001):
phosphatidic acid on the phagosomal membrane. In the observation of Desjardins and coworkers suggest
mammalian cells, the biosynthetic machinery for PI syn- that it may reach the surface of cells through the fusion
thesis is found in the ER, and PA has to traverse the
of the ER with the plasma membrane during phagocyto-
cytosol to reach the ER, where it is converted into PI
sis. An alternative explanation could be that calreticulin,
(Whatmore et al., 1999). This transfer does not depend
a soluble protein, is released from dying cells. The C1q/on vesicular transport or on freely soluble transport pro-
calreticulin pathway may be important in ridding theteins. Rather, it has been suggested to occur through
organism of a potentially harmful source of self-antigen.a membrane-protein-mediated process at sites of close
Deletion of the C1q gene in mice results in an autoim-contact between the plasma membrane and the ER; the
mune disease resembling systemic lupus erythemato-close apposition of these two membrane systems during
sus; humans with C1q deficiency are similarly predis-phagocytosis could easily facilitate the transfer of PA
posed (Henson et al., 2001). C1q and mannose bindingfrom the phagosomal membrane to the ER. Once syn-
lectin are classic pattern recognition molecules of thethesized, PI is transported back to the plasma mem-
innate immune system, suggesting that calreticulin maybrane by the soluble lipid transfer protein, PITP (What-
also act as an immune receptor: this is supported bymore et al., 1999).
the observation of Gagnon et al. that calreticulin andER-mediated phagocytosis appears to be widely used
calnexin have a role in the phagocytosis of Leishmaniain macrophages, ranging from the internalization of inert
(Gagnon et al., 2002). A role for these proteins in phago-particles to the phagocytosis of intracellular pathogens
cytosis is also supported by the finding that, inincluding Leishmania donovani and Salmonella typhi-
Dictyostelium, double null mutants of calreticulin andmurium. It has long been known that Legionella pneu-
calnexin are inhibited in phagocytosis (Muller-Tauben-mophila enters macrophages through a bizarre form of
berger et al., 2001). Therefore, it is possible that thephagocytosis, termed coiling phagocytosis, and that the
vacuoles within which they reside are closely associated delivery of calreticulin and calnexin to sites of particle
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Henson, P.M., Bratton, D.L., and Fadok, V.A. (2001). Curr. Biol. 11,ingestion by ER fusion with the plasma membrane en-
R795–805.ables their use as a component of a phagocytic receptor.
Horwitz, M.A. (1983). J. Exp. Med. 158, 1319–1331.MHC Class I Antigen Presentation
Janeway, C.A., Jr., and Medzhitov, R. (2002). Annu. Rev. Immunol.The major histocompatibility complex (MHC) class I and
20, 197–216.class II molecules evolved to capture peptides derived
Johnson, S., Michalak, M., Opas, M., and Eggleton, P. (2001). Trendsfrom endogenous or exogenous protein sources, re-
Cell Biol. 11, 122–129.spectively. Endogenous antigenic peptides are gener-
Mellman, I., and Steinman, R.M. (2001). Cell 106, 255–258.ated in the cytosol by the proteasome, and these pep-
Morrissette, N.S., Gold, E.S., Guo, J., Hamerman, J.A., Ozinsky, A.,tides enter the lumen of the endoplasmic reticulum (ER)
Bedian, V., and Aderem, A.A. (1999). J. Cell Sci. 112, 4705–4713.
by translocation through the transporter associated with
Muller-Taubenberger, A., Lupas, A.N., Li, H., Ecke, M., Simmeth, E.,antigen processing (TAP). MHC class I molecules require
and Gerisch, G. (2001). EMBO J. 20, 6772–6782.
stabilization by antigenic peptides to allow transport
Ogden, C.A., deCathelineau, A., Hoffmann, P.R., Bratton, D., Ghe-
from the ER to the Golgi complex and plasma membrane brehiwet, B., Fadok, V.A., and Henson, P.M. (2001). J. Exp. Med.
for presentation to CD8 T cells. Peptides generated 194, 781–795.
from bacteria in the phagolysosomes or from exogenous Steinman, R.M., and Moberg, C.L. (1994). J. Exp. Med. 179, 1–30.
proteins are presented by MHC class II to CD4 T cells. Stephens, L., Ellson, C., and Hawkins, P. (2002). Curr. Opin. Cell
However, a number of studies have shown that exoge- Biol. 14, 203–213.
nous peptides can also be presented in the context of Tardieux, I., Webster, P., Ravesloot, J., Boron, W., Lunn, J.A.,
class I molecules, an occurrence with important implica- Heuser, J.E., and Andrews, N.W. (1992). Cell 71, 1117–1130.
tions for the peptide repertoire that can be presented Underhill, D.M., and Ozinsky, A. (2002). Annu. Rev. Immunol. 20,
825–852.to cytotoxic T cells. Antigen, taken up via phagocytosis
by antigen-presenting cells, can enter the conventional Vieira, O.V., Botelho, R.J., Rameh, L., Brachmann, S.M., Matsuo,
T., Davidson, H.W., Schreiber, A., Backer, J.M., Cantley, L.C., andpathway for presentation by class I, either by rupture of
Grinstein, S. (2001). J. Cell Biol. 155, 19–25.the phagosomal membrane or by a selective transport
Whatmore, J., Wiedemann, C., Somerharju, P., Swigart, P., andmechanism. In general, this pathway requires the pro-
Cockcroft, S. (1999). Biochem. J. 341, 435–444.teasome machinery, TAP, and newly synthesized class
I molecules. However, there have been a number of
reports describing TAP-independent processing of anti-
gens for CD8 T cell recognition. It is not clear how
peptides generated within the phagosome would inter-
sect with the class I machinery that is assembled in the
ER; one possibility is that ER fusion with the phagosome
facilitates this event.
Remaining Questions
The observation that the ER participates in phagocytosis
raises a number of interesting questions. The mecha-
nism of ER recruitment to and fusion with the forming
phagosome is unclear. So too is the question of how
the proposed opening of the ER to the extracellular
milieu or to phagosomal content would affect ER func-
tion. While it has now been shown that ER can be re-
cruited to phagosomes in macrophages, it is not known
whether this recruitment is a prerequisite for phagocyto-
sis. Finally, it is well known that a number of pathogens
are able to subvert phagocytic mechanisms to survive,
and it is important to know what role, if any, the ER
plays in these processes.
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